• G. bulloides and N. pachyderma are mainly found in the top 50 m.
Introduction
Planktic foraminifera provide a key tool in studies of past changes in climate. Foraminiferal species assemblages may track a variety of oceanographic conditions, including temperature, salinity and nutrients, while the geochemistry of foraminiferal calcite can be used to reconstruct quantitative changes in ocean temperature and chemistry through time. However, downcore studies using foraminifera can only be justified if modern calibrations are well established, giving context to paleorecords. The upper water column may vary vertically, seasonally and spatially across the global ocean and it is therefore of prime importance that modern assemblages are fully understood in order to disentangle downcore signals.
Planktic foraminifera are known to exhibit variable depth distribution and seasonal abundance, thus identifying constraints on these variables has become vital to the interpretation of paleo-data (Schiebel and Hemleben, 2017) . Early work using plankton tows and isotopic data suggested that planktic foraminifera are most abundant at chlorophyll maxima and that species were vertically stratified in accordance with their temperature preferences (Fairbanks and Wiebe, 1980; Fairbanks et al. 1982; Hemleben et al. 1989) . The vertical distribution of planktic foraminifera in the North Pacific and globally has been linked to phytoplankton productivity and food availability which are in turn related to variations in the pycnocline and thermocline. In the North-West Pacific, recent literature highlights the role of nutrients and seasonal changes in the thermocline as key drivers of foraminiferal abundance (Mohiuddin et al. 2002; Kuroyanagi et al. 2002; Eguchi et al. 2003; Mohiuddin et al. 2004; Mohiuddin et al. 2005; Kuroyanagi et al. 2008) . Despite this, large regional variations in depth preference and abundance have been observed within individual species, suggesting that there are regional discrepancies in the North Pacific assemblages which are not accounted for in paleo-records (Kuroyanagi et al. 2002; Field, 2004; Iwasaki et al. 2017) . Three key species of planktic foraminifera dominate high-latitude assemblages in the North Pacific, Neogloboquadrina pachyderma, Globigerina bulloides and Turborotalita quinqueloba. Note that here and throughout, we refer to N. pachyderma sinistral as N. pachyderma, and previous references to N. pachyderma dextral as Neogloboquadrina incompta (Darling et al, 2006) . T. quinqueloba is ubiquitous throughout subpolar and polar waters but is often under-represented in assemblage counts, due to its small size (Kandiano and Bauch, 2002) .
For this reason, it is rarely used in paleoceanographic reconstructions, unless a size fraction of >125 µm is used. Seasonally resolved data from the North East Pacific records the apparent affinity of specific species, particularly G. bulloides, to the spring upwelling conditions off the coast of southern California and Vancouver (Sautter and Thunell, 1989; Thunell and Sautter, 1991) , which is accompanied by high phytoplankton abundance (Thunell and Honjo, 1987) . In contrast, Davis et al. (2016) demonstrate the upwelling affinity of N. pachyderma over G. bulloides in the California coastal upwelling further to the north. Such contrasting differences between adjacent regional assemblages imposes complexity, which can be used to further refine paleoceanographic reconstructions.
Although detailed compilations of planktic foraminifera assemblages are available globally, the North Pacific is poorly represented (Rutherford et al. 1999; Fenton et al. 2016, Siccha and Kucera, 2017) . The North Pacific has abyssal depths of > 5500 m, resulting in poor preservation of foraminiferal calcite (Peterson, 1966; Berger, 1970) . The lack of preservation, particularly in core-top material, has meant that the distribution and paleoecological significance of planktic foraminifera in the North Pacific is poorly constrained. The difficulty of constraining dissolution effects on sediment also impacts upon the use of North Pacific census data in downcore records (Berger, 1970) . North Pacific planktic foraminiferal provinces, or faunal zones, were originally characterised by Bradshaw (1959) and further constrained by Coulbourn et al. (1980) . The zones: subarctic; transitional; central and equatorial were defined broadly by the relative abundance of N. pachyderma, T. quinqueloba, G. bulloides, Globorotalia inflata and Globigerinoides ruber in core-top samples (Coulbourn et al. 1980) .
In this study, we generate new planktic foraminifera assemblage data from plankton tows and core tops collected from 15 sites across the subpolar North Pacific. We combine these data with previously published planktic foraminifera core top, multinet and sediment trap assemblage data from the North Pacific, to characterise the ocean conditions associated with modern planktic foraminifera assemblages. This evidence is then used to constrain the depth habitat of individual subpolar species, for the better understanding of paleo-records. To do so, we first address the gap in North Pacific census data, particularly prevalent in the subpolar gyre (Rutherford et al. 1999) , by re-evaluating North Pacific planktic foraminifera faunal provinces using our new data compilation. We then focus in detail on the two key subpolar North Pacific proxy carriers, G. bulloides and N. pachyderma. Through assessment of their dominant ecological drivers in the surface ocean, we suggest how best to interpret both the assemblage and geochemical records of these species downcore. Surface water and sediment assemblages are then compared, highlighting the effects of both seasonality and dissolution as potential biases within the sediment record.
Oceanographic Setting
Oceanographic currents in the North Pacific are dominated by two large-scale gyres: the subpolar gyre and the subtropical gyre, separated by the Subarctic Front, which is marked by a pronounced latitudinal sea surface temperature gradient (Figure 1 ). This gradient is also seen within salinity and nutrient records, with the subpolar gyre exhibiting higher nutrients and low salinity, whilst the subtropical gyre is comparatively saltier and nutrient poor (Locarnini et al.2013; Zweng et al. 2013; Garcia et al. 2014 ).
The subpolar gyre can be further split into the West Pacific Gyre and the Alaskan Gyre (Harrison et al. 2004 ). The West Pacific Gyre is a high nutrient low chlorophyll zone (HNLC) which is fed predominantly by cool, nutrient rich waters from the Sea of Okhotsk and the Kamchatka Current (Locarnini et al.2013; Garcia et al. 2014) . The southern extent of this gyre is the Subarctic Current, a region along the Subarctic Front characterised by the confluence of a number of current systems (Figure 1 ). These include the warm Kuroshio Current originating from the subtropical gyre, the cold Oyashio Current originating from the West Pacific Gyre together with a number of minor currents (Yasuda, 2003 ; Figure   1 ). The Subarctic Current and Kuroshio Extension define, in part, the Subarctic Front (Figure 1 ) which roughly follows 40°N latitude zonally across the North Pacific. In the eastern North Pacific, the California Current splits towards the south in the Subtropical Gyre, whilst the Alaskan Current forms the eastern limb of the Alaskan Gyre (Figure 1) . The Alaskan gyre, also a HNLC zone, is more nutrient limited than the West Pacific gyre (Harrison et al. 2004 ) and thus productivity is reduced. It feeds the Bering Sea which consists primarily of the Bering Slope current in the east and the Kamchatka current to the west (Figure 1 ) (Stabeno and Reed, 1994) . In the Subtropical Gyre, the California Current extends southward to the equator where it forms the North Pacific Equatorial Current. In the east Equatorial Pacific, the North Pacific Equatorial Current is characterised by upwelling of cooler nutrient rich waters (Locarnini et al.2013; Zweng et al. 2013; Garcia et al. 2014) , contributing to the formation of the east equatorial upwelling region where productivity is high (Wyrtki, 1981) . The current continues along the equator to the west, where it enters the West Pacific warm pool (Yan et al. 1992) and continues to form the western limb of the Kuroshio Current.
Materials and Methods

SO202 INOPEX cruise study area
Multinet and multicore samples from the SO202 INOPEX cruise (2009) with the German RV Sonne (Gersonde, 2012) were analysed from 15 North Pacific sites (6 multicore and 9 multinets) in combination with hydrographic CTD data ( Table 1) SO202-04-15), located along Bower's Ridge, the Aleutian Basin and proximal to the Bering Slope, are subject to inflow waters from the Alaskan Current and waters that form the initial stages of the Bering Slope Current. Data were also compiled from core-top sites spanning down to 20° S latitude.
CTD deployments
A Seabird 911 CTD device was used to record hydrographic conditions down to a depth of 6000 m.
The CTD was lowered through the water column at speeds of up to 0.5 m/s and carried a fluorimeter to measure chlorophyll fluorescence and derive phytoplankton concentration. At multinet sites, temperature, salinity, oxygen and chlorophyll-α concentration (calculated from phytoplankton fluorescence) were recorded down to 1000 m. The CTD data were usually collected within 3 hours of the multinet deployment and are available within the supplementary information and through the PANGAEA database.
Multinet samples
The multinet device collected samples at five depth intervals (1000-500 m; 500-300 m; 300-150 m; 150-50 m and 0-50 m) using a mesh size of 55 µm and an aperture area of 0.25 m 2 (Gersonde, 2012) .
The multinet was lowered to 1000 m depth and raised through the water column at a speed of 0.3 m/s. Plankton samples were collected in cod end beakers (1 litre, 41 µm mesh size) and then transferred into 1 litre bottles and fixed in a seawater solution containing 2% formalin by volume (formalin is 37% formaldehyde w/w) and buffered with hexamethylenetetramine at pH = 8.1 onboard.
In preparation for foraminifera assemblage work, each depth interval was wet sieved between 160-500 µm to remove larger organisms. Foraminifera were then wet picked under the light microscope and all species were counted. For each depth interval, foraminifera standing stocks were calculated using equation 1, where Z is the distance the multinet travelled through a particular interval:
No distinction was made between living and dead specimens.
Surface sediment samples
Multicore material from six new subpolar sites ( Figure 1 ) was collected using a 12 tube (60 cm x 6 cm) multicorer (MUC) (Gersonde, 2012) . The samples represent the 1-2 cm interval from one tube and approximately 20 cc of the sediment material was utilised to provide sufficient foraminifera for the assemblage counts. The core-material is stored at the Alfred Wegner Institute in Bremerhaven, Germany.
Samples were wet sieved (63 µm) to remove the fine clay fraction, placed in a petri dish and dried in an oven at <50 °C for 6-12 hours. Following drying, the coarse fraction (>63 µm) was transferred to a glass vial. The sample was then sieved at greater than 150 µm and split with micro-splitter to greater than 300 planktic foraminifera, a number shown to provide an accurate assessment of relative abundance within an assemblage (Schiebel and Hemleben, 2017) . Foraminiferal species were then counted using a stereo microscope and the percentage species abundances for each sample calculated (for taxonomy see supplementary information).
Plankton net samples
Plankton net samples were collected along a transect from Hawaii to Alaska during August 2017 as part of the CDisK-IV (KM1712) cruise on R/V Kilo Moana. The transect was designed to sample subtropical, transition zone and subpolar waters. A 0.5 m diameter net with 90 µm mesh size was used throughout the cruise. The sampling strategy was designed to capture an integrated sample of all foraminifera living throughout the upper water column. The net was towed from the surface down to a specified maximum depth within the water column, and then back to the surface in a continuous manner. The maximum depth was determined from the florescence profile of a preceding CTD cast, and was selected to ensure the net sampling captured the base of the chlorophyll maximum, and ranged from 150 m in the north to 300 m in the south in these samples. After collection, samples were preserved in a 4% formalin seawater solution, buffered to a pH of ~8.1 with hexamethylenetetramine (Schiebel and Hemleben, 2017) . Samples were split with a falsom splitter and all foraminifera >125 µm were identified to species level.
Compilation of North Pacific core-top assemblage data
To obtain an overview of the distribution pattern of planktic foraminifers preserved in North Pacific surface sediment record we merged our subarctic data set with previously published data from the subtropical Pacific, the Equatorial Pacific and the South China Sea presented in the MARGO database (Kucera et al. 2005 ) and by Coulbourn et al. (1980) . The MARGO database was filtered to include only samples from the north and equatorial Pacific and the South China Sea. For consistency and accuracy, samples with fewer than 300 specimens were removed from the database. Substantial effort was made in this study to manually digitise the assemblage data from Coulbourn et al. (1980) , and the same filtering parameters were used to select sites from this database. All three datasets were then combined to produce a new North Pacific planktic foraminifera assemblage database containing 770
sites.
For each of the 770 sites of our compilation, hydrographic data (temperature, salinity, oxygen and phosphate) was estimated using ODV's 3D estimation tool and the World Ocean Atlas 2013 (Boyer et al. 2013) . Mean annual surface water data was derived for surface temperature (Locarnini et al. 2013) , salinity (Zweng et al. 2013) , oxygen (Garcia et al. 2013 ) and phosphate content (Garcia et al. 2013 ).
Sediment trap data
We consider planktic foraminifera assemblage data from five previously published sediment trap sites in the North Pacific ( Figure 1 ): sites 40N (1997-2000) and 50N (1997-2001) in the Northwest Pacific ; site SA in the central subpolar Pacific (Asahi and Takahashi, 2007) collected between 1990-1999; station PAPA in the Northeast Pacific (Sautter and Thunell, 1989 ) collected between 1982 -1986 and site AB in the Bering Sea (Asahi and Takahashi, 2007) collected between [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] (Table 1) . As sediment trap data was collected over multiple years, values were averaged to produce comparable datasets between sites. In these cases, the standard error was calculated to constrain annual variability.
Results
Subarctic Front
Sites SO202-05-33 and SO202-05-34 lie on the eastward extension of the Subarctic Front (Figure 1 ). bulloides (9 %) and G. siphonifera 
Discussion
We use our new data and compiled core-top database to re-evaluate planktic foraminifera faunal zones in the North Pacific. We also discuss dissolution bias within the sediment record and suggest that although North Pacific planktic foraminifera assemblages are influenced by dissolution, and specific species abundances within a sample may be biased, the overall pattern of faunal distribution is not seriously affected, and paleo-assemblages provide a particularly useful tool to track large-scale changes in surface ocean circulation. We then focus our discussion on the spatial, seasonal and depth distribution of the key proxy carrying species in the subpolar zone, N. pachyderma and G. bulloides.
Understanding seasonal, spatial and water column drivers of abundance within these species is increasingly important with regards to interpreting both paleo-assemblage and geochemical data. A better understanding of these drivers will allow paleoceanographers to better use foraminiferal assemblages downcore to track changes in paleoenvironmental conditions. For geochemists, knowledge about seasonal preference and depth habitat are vitally important, particularly when reconstructing ocean conditions such as temperature and pH.
Geographic distribution of planktic foraminifera in the North Pacific
In addition to N. pachyderma and G. bulloides, which dominate the subpolar zone, 8 other indicator species of planktic foraminifera define the other regional zones in the North and Equatorial Pacific quinqueloba, G. ruber and G. inflata (Bradshaw, 1959; Coulbourn et al. 1980) . We suggest updated zones based on our larger compilation of core-top data. The faunal zones (subpolar, transitional, upwelling, subtropical, western equatorial and eastern equatorial) are broadly defined by the spatial distribution of N. pachyderma; G. bulloides; G. inflata; N. incompta; G. ruber; P. obliquiloculata; G. tumida; N. dutertrei; T. sacculifer; G. menardii (Figure 3 ). Although core-top assemblages may be somewhat affected by corrosive North Pacific waters, as defined below (surface water comparison)
we find that dissolution has little effect on the overall pattern of faunal zones.
Subpolar Zone
The North Pacific subpolar zone is located north of the subpolar front at 40°N (Figure 3 ). It is defined by the subpolar gyre with its southern boundary occurring on the eastward limb of the Kuroshio current. Surface water temperatures in the subpolar zone range from 2-10°C (based on annual averages from WOA13). The subpolar zone is characterised by two species of planktic foraminifera: N.
pachyderma which is found throughout the region, and G. bulloides which is most abundant in the Gulf of Alaska.
Transitional Zone
The transitional zone occupies the boundary between the subpolar and subtropical gyres (Figure 3 ).
Surface waters flowing through this region are typically a mix of the Kuroshio and Oyashio currents (Yasuda, 2003) . Annual average SSTs in the region are 8-15°C (WOA13). The transitional zone is characterised by two species of foraminifera: G. inflata, which exhibits the highest abundance in the transitional zone and N. incompta which is present in lower abundances. It is difficult to characterise the extension of this zone into the central Pacific, due to the lack of core-top sites with available foraminifera data. However, based on our multinet samples and those of Iwasaki et al. (2017) , both species are prevalent across the central North Pacific along the Kuroshio extension. The link between the transitional zone and the subpolar front mean that changes in the abundance of these transitional species through time could be used as a sensitive tracer of gyre circulation and strength.
Upwelling Zone
In the North East Pacific, the Subarctic Front splits southward through the formation of the California current, a low temperature, low salinity current (Lynn and Simpson, 1987) . This region is typified by significant upwelling, particularly during winter months (Huyer, 1983) . N. incompta is most prevalent in this zone with G. bulloides and N. dutertrei also apparent ( Figure 3 ).
Subtropical Zones
The subtropical zone represents the region between 35°N and 15°N in the North Pacific with an equivalent zone in the southern hemisphere ( Figure 3) . A warm water zone influenced by waters from the subtropical gyre with surface water temperatures between 18 and 27°C (WOA13), it is the most faunally diverse zone in the North Pacific in terms of planktic foraminifera. Species counts range from 7 to 29 (suppl. Figure 1) , with G. ruber being the most consistently abundant species across the region (Figure 3 ). Other species include T. sacculifer, G. siphonifera, and G. calida.
West Equatorial Zone
The west equatorial zone is located between 15°N and 15°S in the North Pacific (Figure 3 
East Equatorial Zone
The East Equatorial zone refers to the region east of 140°W in the Equatorial zone (Figure 3) . The region exhibits a broader temperature range than the West Equatorial zone (20-30°C), due to seasonal changes in upwelling which bring cooler nutrient rich waters to the surface. The zone is dominated by N. dutertrei. N. dutertrei is thought to flourish in upwelling conditions near to gyre margins in warm tropical to subtropical waters (Imbrie and Kipp, 1971; Bé, 1977; Kroon and Ganssen, 1989; Brummer 2000) ), which is consistent with very high abundance of N. dutertrei in the East Equatorial zone. G.
menardii is also found in relatively high abundances in this region (Figure 3 ).
Surface water comparison
The zones described above are based on our compilation of surface sediment samples, which may be affected by dissolution. To test resemblance of surface water assemblages to these zones we analysed The key differences between our net samples and the surface sediment compilation include higher diversity at mid to lower latitudes, greater abundance of smaller foraminifera, and increased abundance of some temperate species at mid to high latitudes (Figure 3 and 4) . There are three reasons these differences might occur. Firstly, the smaller sampling size of >125 µm used in the plankton nets meant increased numbers of smaller species such as G. rubescens, G. tenella and T.
quinqueloba were present. Secondly, the plankton net samples were collected during summer months where warmer surface waters allow the more temperate genetic types of both G. ruber (St. 3) and N.
dutertrei (St. 4) to frequent the higher latitude waters (Darling et al, 2003; . Thirdly, dissolution in corrosive North Pacific waters is likely to reduce diversity in sediment samples and bias samples somewhat towards dissolution resistant species. However, despite these potential biases, overall net samples show patterns consistent with core tops, adding confidence to this zonation.
Ecology and Distribution of G. bulloides in North Pacific waters
G. bulloides is primarily found within the subpolar and transitional zones of the global ocean (Tolderlund and Bé, 1971; Bé and Hutson, 1977; Coulbourn et al. 1980) , forming a substantial portion of mid to high latitude assemblages (Kucera, 2007) . It can be found in association with both upwelling and non-upwelling regions (Curry et al. 1992; Darling et al. 2003; Davis et al. 2016; Mallo et al. 2017) and represents an important proxy carrier for paleoclimatic records (Schiebel and Hemleben, 2017) .
In the North Atlantic, G. bulloides has been observed to tolerate temperature ranges of between 5-30 °C (Źarić et al. 2005; Kucera, 2007) . However much of this extreme temperature range may be explained by the presence of different cryptic species of G. bulloides (Darling et al. 2008) , where different genotypes are adapted to different environmental conditions. It is therefore key that depth habitat, seasonality and ecology are regionally resolved for this species.
The relationship between the vertical distribution of G. bulloides and the physical state of the water column can be determined from our multinet data. Our data shows the highest G. bulloides standing stocks are between 0-50 m. In most cases, this coincides with maximum chlorophyll-α concentration To aid the interpretation of paleo-records, it is particularly important to understand the seasonal changes in oceanographic conditions which drive planktic foraminiferal abundance. Mean bi-weekly sampling of G. bulloides in sediment traps from the North West Pacific demonstrate the diverse seasonal hydrography of the region (sites 40N and 50N, Figure 6 ). In the North West Pacific at 50 °N, G. bulloides is found throughout the year, with peak abundance occurring between April and June ). This represents the onset of the spring phytoplankton bloom, driven by reduced light limitation and increased stratification, combined with abundant nutrients that were previously brought to the surface by deep winter mixing ).
This supports the use of G. bulloides as an indicator of productivity, a conclusion also reached by several recent modelling studies (Źarić et al. 2005; Fraile et al. 2008; Lombard et al. 2011; Jonkers and Kučera, 2015) . Despite an increase in N. pachyderma flux during this period, the relative abundance, and overall flux, of G. bulloides still increases. Although this effect is muted, it further supports the use of G. bulloides relative abundance in tracking changes in productivity in the past. The G. bulloides flux at 40°N (site 40N) in the North West is more variable than at site 50N, with two abundance peaks occurring in winter (November-February) and in late spring (April-May) ( Figure 6 ). Although organic matter flux peaks from July through to October, it does not correlate with the peaks in G. bulloides abundance (Figure 6 ). This variability is likely caused by the fact that the sediment trap lies on the interface between the Oyashsio (cold) and Kuroshio (warm) currents. This zone is characterised by strong eddy activity as well as influence from minor currents such as the Tsushima Warm Current (Yasuda, 2003) . Horizontal transport of nutrients from rich subpolar waters, driven primarily by intra-annual wind stress variability (Ayers and Lozier, 2010) bulloides numbers minimal or absent during the winter months, when organic matter flux is very low.
The relative abundance of G. bulloides responds positively to the onset of the spring phytoplankton bloom, particularly at the higher latitude sites. Conversely, when assemblages become more diverse at lower latitude sites, this signal is muted.
G. bulloides has often been linked to upwelling zones (Reynolds and Thunell, 1980; Thiede, 1975; Sautter and Thunell, 1992; Field, 2004) . However, its affinity with upwelling conditions in the North
East Pacific is debated within recent literature. In the North-East Pacific, increased G. bulloides flux was observed during upwelling conditions (Reynolds and Thunell, 1980; Thiede, 1975; Sautter and Thunell, 1992; Field, 2004) . However, other studies cite little dependence of G. bulloides on upwelling (Davis et al. 2016; Iwasaki et al. 2017 ). The recent work by Davis et al. (2016) from the North Pacific showed decreased abundance of G. bulloides during periods of enhanced mixing on the central California shelf. In this region, upwelling is characterised by nutrient rich cold waters which may be below the temperature tolerance of G. bulloides type IId, leading to a reduction in abundance despite high nutrient levels.
The discovery of several genetically distinct genotypes of G. bulloides now sheds new light on the wide-ranging ecologies of regionally distributed G. bulloides (Figure 7) . Globigerina bulloides genotypes fall into two clear highly divergent groups which are related to their ecologies (Darling & Wade, 2008; Morard at al, 2013; Darling et al. 2017) . The Type I genotypes (2 types) are associated with warmer waters and the Type II genotypes (7 types) are associated with cooler high latitude and transitional upwelling waters. The full temperature-specific range of the G. bulloides genotypes identified to date is shown in Sadekov et al. (2016) . Three genotypes have been identified in the North Pacific, two of which are potentially endemic to the region (Fig. 6 ). The first is the transitional genotype Type IId, which has only been identified to date in the California Current (Darling et al, 2003) . The second is genotype Type IIe, which has only been identified in the subpolar waters of the North Pacific and Bering Sea at latitudes greater than 40°N (Darling et al. 2007) . A single specimen of the subpolar and transition North Atlantic and Southern Ocean genotype Type IIa was identified off California in January (Darling et al, 2003) , which possibly represents the winter population in the region (Davis et al, 2016) . Uncertainty regarding the upwelling affinity of North Pacific G. bulloides is likely due to the differing ecological preferences of these different genotypes.
The separation of transitional and sub-polar genotypes is clearly demonstrated within our assemblage compilation. When the abundance of G. bulloides is plotted alongside SST, two clear populations can be seen (Figure 8) . A mid-latitude population with a temperature range of 14.5-30°C is likely to represent the genotype IId and a high-latitude population with a temperature range of 5-14.5°C
represents genotype IIe (Figure 8) .
Examples of G. bulloides as upwelling indicators in the North East
Pacific are predominantly constrained to latitudes between 30-35°N (Sautter and Thunell, 1992; Field, 2004) . Only genotype IId has been found at these latitudes in both upwelling waters and more stable summer water columns in the Santa Barbara Channel (Darling et al, 2003) .
Ecology and Distribution of N. pachyderma in the subpolar North Pacific
N. pachyderma is found in high abundance in the polar and subpolar oceans and is frequently found in association with upwelling systems in the mid to low latitudes (Darling et al, 2017) . Eight cryptic genotypes are currently recognised which are regionally distributed (Darling and Wade, 2008; Darling et al, 2017) . Type I dominates the Arctic and North Atlantic oceans, Type II, III and IV are found only in the Antarctic water masses. Types V and VI appear isolated within the Benguela upwelling system, Type VII within the eastern North Pacific and Type VIII off the Oman margin in the Arabian Sea ( Figure   7 ; Darling and Wade, 2007; Darling et al, 2017) . There are clear ecological differences between the different cryptic species of N. pachyderma (Darling et al, 2004) , and this is particularly important in the Antarctic region where 3 genetically distinct genotypes have been identified, with little morphological difference to separate them (Darling and Wade, 2008) . As yet, genotyping coverage of the North Pacific subpolar region is incomplete in the far western region, but only one genotype of N.
pachyderma (Type VII) has been identified to date throughout the eastern region and the Bering Sea (Darling et al, 2007) . It would be expected that the anticlockwise subpolar gyre circulation (Figure 1) would also carry the N. pachyderma Type VII into western subpolar waters.
The vertical distribution of N. pachyderma in North Pacific waters varies with regional hydrography (Figure 9 ). The North East Pacific is typified by site SO202-04-27, where cool summer surface temperatures (10°C) combine with high chlorophyll-α levels and a shallow seasonal thermocline. Here, N. pachyderma is most abundant in the top 50 m of the water column. N. pachyderma is also found at 0-50 m in the Bering Sea, where low chlorophyll-α is compensated for by cold surface temperatures (7-8°C) which are optimal for N. pachyderma (Reynolds and Thunell, 1986, Kuroyanagi and Kawahata, 2004) . Although N. pachyderma responds most consistently to cool surface temperatures (<10°C), it can flourish in warmer surface waters (10-14°C) when food availability is high (site SO202-04-27). Kuroyanagi and Kawahata (2004) argue that N. pachyderma abundance is associated with the pycnocline in the North West Pacific. Within our sites, there is some evidence of high N. pachyderma abundance within the shallow seasonal pycnocline, a region also commonly associated with high chlorophyll-α values. Overall, our sites suggest that N. pachyderma vertical abundance distribution is controlled primarily by food availability, but they can also flourish in cooler temperatures where competition for food is likely to be limited. Spatially N. pachyderma abundance is strongly linked to temperature in the North Pacific (Figure7a). This striking relationship provides excellent evidence that percentage abundance N. pachyderma can be used to track qualitative changes in temperature downcore.
N. pachyderma is also observed to live deeper in the water column at our sites as well as those published by Iwasaki et al. (2017) (Figure 9 and supplementary information) . This is particularly prevalent in the Bering Sea, where 3 sites show >2 m -3 abundance between 50-150 m. In the North
West Pacific three sites from Iwasaki et al. (2017) show N. pachyderma living down to 300 m in the water column (see supplementary information). As with G. bulloides, where deep dwelling N.
pachyderma are observed in our multinets they are commonly associated with deep oxygen maxima and a deep winter mixed layer. This could be a result of increased winter mixing bringing up nutrient rich waters (Schiebel et al. 2001; Iwasaki et al. 2017) , as well as mixing of food (phytoplankton) from the surface waters down to depth. Nutrients are higher in general throughout the year in the North West Pacific and are higher still during winter months (Garcia et al. 2013 ). In addition, deeper dwelling populations could be linked to low surface salinities at 0-50 m, which may be outside the preferential salinity range of N. pachyderma. Interestingly, King and Howard (2003) found that N. pachyderma in the Southern Ocean could live down to depths of 200 m when the mixed layer was deep, allowing deeper penetration of food and nutrients. A combination of these mechanisms may be present in the North Pacific and explain why some of our sites show an increase of deep dwelling N. pachyderma and G. bulloides at locations where a deep-winter mixed layer is observed (Figure 9 ). However, overall our sites suggest a predominantly near surface habitat (0-50 m) for N. pachyderma which is reflected in other studies from this region (Kuroyanagi et al. 2004; Iwasaki et al. 2017) , as well as the North Atlantic (Pados and Spielhagen, 2014) and Southern Ocean (King and Howard, 2003; Kohfeld et al. 1996) .
In seasonal trends in N. pachyderma mirror those in the west, but with a lower overall abundance (Sautter and Thunell, 1989) . Predominantly, high abundances occur during spring (March-April) and tail off into summer months as SSTs rise. A second increase in N. pachyderma occurs during November, where N. pachyderma may be responding to a combination of low SSTs and reduced competition for food as light and temperature limit productivity.
As a subpolar species, N. pachyderma relative abundance in the North Pacific is tied closely to temperature (Figure 8 ) and latitude. Darling et al. (2004 and cite a temperature range of 3 to 14 °C, which correlates well with relative abundance seen in our core-top compilation, whilst Kuroyanagi and Kawahata (2004) cite 5-8°C as the optimum temperature range for N. pachyderma. We find a temperature tolerance of up to 16°C, at which point N. pachyderma relative abundance drops below 10% (Figure 8 ). We also find that at <8°C, a temperature suggested by Reynolds and Thunell (1986) and Kuroyanagi and Kawahata (2004) as being close to optimum conditions, N. pachyderma has relative abundance of >50% (Figure 8 ). It is important to note that N. pachyderma abundance is also likely to be controlled partly by the temperature tolerance of its food source.
Dissolution and seasonality in North Pacific core top assemblages
Preferential dissolution of certain species of planktic foraminifera in seafloor sediment samples has the potential to bias paleo-assemblage data. By comparing core-tops and multinets from the same and nearby sites, we observe possible dissolution driven increase in N. pachyderma over G. bulloides abundance in core-top sediments, with up to 31% reduction (Site SO202-03-13, Bering Sea) in G.
bulloides and up to 44% increase in N. pachyderma (Figure 10 ). Differences between multinet and core-top assemblages could be driven by two factors: dissolution or seasonality. We tested the possible effect of seasonality on our multinet samples by comparing annual sediment trap assemblages with assemblages based only on July-August (the time when our multinet were collected) ( Figure 10 and 11) . Figure 11 highlights a lack of obvious offset between summer and annual assemblages allowing us to conclude that the major driver of change within our core-tops is dissolution. In the North Pacific, under-saturated deep waters offer the potential to assess the influence of dissolution (Berger et al. 1982) , especially in combination with abundance data from tows and sediment traps. Sautter and Thunell (1989) also reported an increase in N. pachyderma relative to other species when comparing sediment trap samples to core-top samples, and although they rule out water column dissolution through analysis of surface and deep trap material, it is likely that sediment pore-water dissolution does take place. Despite being widely prevalent in the compiled sediment trap data (Figure 10 ), T. quinqueloba is absent from the majority of our multinet and coretop samples. Whilst this may partly be reflecting dissolution of small T. quinqueloba specimens in corrosive North Pacific deep waters, it is more likely that the smaller sieve size used in sediment trap studies (>125 µm) compared with core-top studies (>150 µm) causes the offset. The fact that both surface water (multinet) and sediment (core-top) samples show a lack of T. quinqueloba further illustrates this point.
Assessment of dissolution in the deep North Pacific was previously attempted by Coulbourn et al. (1980) , through similarity assessments of well-preserved near surface samples to samples situated deeper in the water column. Species were also ranked for dissolution resistance by region, allowing for dissolution indices to be calculated for each core-top sample (Coulbourn et al. 1980 ). Coulbourn et al. (1980 rank N. pachyderma and G. bulloides as 1 and 5 respectively, with 1 being highly dissolution resistant, suggesting that N. pachyderma's more compact test morphology could leave it less susceptible to dissolution, as suggested by our dataset. The overarching outcome from Coulbourn et al. (1980) is that dissolution is complex and difficult to account for in marine sediments and is likely to increase the error on transfer functions derived from assemblages, as well as skew potential ecological observations. However local dissolution analysis from the Western Equatorial Pacific suggests that although dissolution above 3000 m does occur, it has only minor influence on assemblages (Berger et al.1982) . Below 3400 m, Berger et al. (1982) note that dissolution is more pronounced and that assemblages below 4000 m should be classed as residual assemblages and reflect the impacts of higher dissolution. Similarly, a water column dissolution experiment by Peterson (1966) cites a depth of 3700 m for the onset of increased dissolution in central North Pacific sediments.
Within our dataset we see substantial changes in assemblage at considerably shallower depths (1383 m) than reported by Berger et al. (1982) and Peterson (1966) . This is likely due to the highly corrosive nature of intermediate depth water in the North Pacific. The overall impact of dissolution on faunal assemblages in planktic foraminifera is a bias towards the preservation of dissolution resistant species (Ruddiman et al. 1967) such as N. pachyderma, G. inflata and N. dutertrei in the North Pacific (Schiebel and Hemleben, 2017) . This has the potential to bias estimates of surface hydrography based on assemblage and should be taken into account when interpreting such records.
Conclusions and implications for downcore records
Ecological drivers in subpolar species
Analyses of new core-top and multinet data in combination with published core-top, sediment trap and multinet data allow us to better constrain the ecological drivers of the two key subpolar species of planktic foraminifera G. bulloides and N. pachyderma in the North Pacific.
In the subpolar North Pacific, G. bulloides is tied closely to food availability in the water column and is largely associated with the chlorophyll maximum. This trend is also observed within sediment trap data, where seasonal decreases in organic matter flux are associated with very low G. bulloides abundance. The use of G. bulloides relative abundance is therefore a useful productivity indicator for downcore interpretation. However, it is important to note that abundance of N. pachyderma is also tied to food availability and thus the percentage abundance of G. bulloides may not necessarily respond prominently to changes in food availability or productivity in the region, as both species may respond in parallel. Additional proxies such as percentage opal or temperature proxies used alongside relative abundance provide the best combination to obtain a more meaningful interpretation of the G. bulloides data within paleo-records. The calculation of mass accumulation rates (MAR) or planktic foraminifera per gram of sediment may also allow for a more robust use of G. bulloides when interpreting productivity changes.
The close relationship between N. pachyderma and temperature in the North Pacific (Figure 8) A key feature of our core-top compilation is the existence of a species-specific transitional zone occupying the region between the subpolar and subtropical gyres. The domination of G. inflata and N. incompta provide a potential tool to assess the strength and position of the two gyres in the past.
For core sites located within the transition zone, any shifts in assemblage away from these species could be used to interpret influences from waters derived from either the subtropical or subpolar gyre.
Implications for geochemical records
Accurate use of geochemical proxies in planktic foraminifera requires knowledge of their ecology, particularly depth habitat and seasonality. The subpolar genotype of N. pachyderma found in the North Pacific, resides predominantly in the top 50 m of the water column and is likely to reflect nearsurface conditions. Where a deeper depth habit is observed, it is associated with a deep winter mixed layer, homogenising the water column such that conditions remain similar to those in the surface.
Seasonally N. pachyderma flux does vary regionally, however, it often exhibits peaks in abundance during spring and late summer/autumn. The similarity in temperature during these two periods gives further credibility to the use of N. pachyderma in paleo-temperature reconstructions.
G. bulloides is often used to reconstruct sea surface temperatures through Mg/Ca ratios. We find that G. bulloides predominantly resides in the top 50 m of the water column and is therefore likely to record sea surface conditions. Seasonal deep mixing also allows it to frequent greater depths, but at lower abundances. Seasonally, G. bulloides blooms in both spring and late autumn in the subpolar North Pacific. However, temperature signatures observed at these periods are not dissimilar and should not discourage geochemists from using G. bulloides to reconstruct sea surface temperatures down core.
Two genotypes of G. bulloides dominate the North Pacific waters (Types IIe and IId), of these, Type IIe is confined to the subpolar zone whilst Types IId is found off the California margin throughout the year in both upwelling and non-upwelling waters (Darling et al. 2003) . However, the genotype Type IIa has been identified in the winter in the south eastern coastal zone and is thought a potential member of the winter assemblage (Davies et al, 2017) . It is therefore important to note that when analysing foraminifera on the boundary of these zones, multiple genotypes of ecologically distinct G. bulloides may be present in the assemblage.
Dissolution bias in sediments
Planktic foraminifera abundance and flux have been widely used as proxies for paleoenvironmental change (Bond et al. 1993; Barker et al. 2009; Barker et al. 2015) . In the Atlantic and Southern oceans, true polar conditions are achieved at high latitudes, normally resulting in 95-100% abundance of N.
pachyderma during cold periods (Bond et al. 1993 ) with increased abundances of transitional and warmer water species (G. bulloides, G. inflata, G. ruber, G. hirsuta multinets from the same region shows preferential preservation of N. pachyderma over more dissolution prone species such as G. bulloides. This has the potential to bias reconstructions that suggest more abundant polar waters during stadial conditions in the Atlantic (Bond et al. 1993) , especially if these are accompanied with influx of more corrosive waters at depth. This warrants increased caution when assessing paleo-assemblage records, particularly at sites where deep water masses are known to be corrosive. Despite this, we find that broadly our defined faunal zones are unaffected by dissolution, however the details of assemblages within zones are more susceptible to dissolution bias. . Diamonds show sites where core-top and multinet material was available; circles show sites where only multinet material was available; octagons show plankton net sites; squares show sites where only core-top material was available; pentagons show sites where sediment trap data was compiled. White shapes indicate new sites presented in this study, whilst grey shapes indicate sites where data was compiled from previous studies (Sautter and Thunell, 1989; Takahashi et al. 2000; Asahi and Takahashi, 2007; Kuroyanagi et al. 2008) . Numbers here refer to the numbers in station numbers in bold listed in Table 1 .
Tables
Figure 2: Vertical profiles down to 600 m of total foraminifera flux (TFF) and CTD data from 9 new sites in the North Pacific. CTD data comprises of four variables: temperature (red line) in °C; oxygen concentration (black line) in ml/L; salinity (dark blue line) in p.s.u. and chlorophyll concentration (green line) in µg/L which was calculated using florescence data. TFF is given in shells/m -3 where different coloured bars represent different planktic foraminifera species, as denoted in the key. TFF is presented for five multinet depth intervals: 0-50 m; 50-150 m; 150-300 m; 300-500 m and 500-1000 m. Pie charts denoting core-top assemblages for 6 new sites in the subpolar North Pacific are displayed from East to West with accurate locations displayed in figure 1. Pie charts denoting plankton net assemblages for 5 new sites are displayed from South to North with accurate locations displayed in figure 1. *note different TFF scale due to very high abundance of foraminifera at this site SO202-04-27. Coulbourn et al. 1980 and Kurcera et al. 2005 . Size of bubbles represent percentage abundance of planktic foraminifera and colour represents different species of planktic foraminifera, as denoted by the key. Six faunal zones are described based on the distribution of 10 major species of planktic foraminifera: SPZ is the subpolar zone; TRANS is the transitional zone; UP is the upwelling zone; STZ is the subtropical zone; WEZ is the west equatorial zone; EEZ is the east equatorial zone. Figure 10 . This figure highlights the lack of difference between July-August sediment trap and annual sediment trap abundances compared to a larger difference between Core-top and multinet abundance of G. bulloides. This suggests the cause of these discrepancies is likely due to sediment dissolution rather than seasonality.
